Abstract: The exploration of alternative low-cost molecular hole-transporting materials (HTMs) specifically for both high efficient and stable perovskite solar cells (PSCs) is a relatively new research area. Two novel HTMs using the thiophene core were designed and synthesized (Z25 and Z26). The Z26-based perovskite solar cells exhibited a remarkable overall power conversion efficiency (PCE) of 20.1 %, which is comparable to 20.6% obtained by spiro-OMeTAD-based device. Importantly, the devices based-on Z26 show better stability 2 compared to devices based on Z25 and spiro-OMeTAD when aged under ambient air of 30% or 85% relative humidity in the dark and under continuous full sun illumination at maximum power point tracking respectively. The presented results clearly qualify a simple strategy by introduction of double bonds to design hole transporting materials for highly efficient and
compared to devices based on Z25 and spiro-OMeTAD when aged under ambient air of 30% or 85% relative humidity in the dark and under continuous full sun illumination at maximum power point tracking respectively. The presented results clearly qualify a simple strategy by introduction of double bonds to design hole transporting materials for highly efficient and stable perovskite solar cells with lower cost, which is important for the future development of materials for commercial application.
In recent years, perovskite-based solar cells (PSCs) have attracted great attention in photovoltaics due to three significant advantages: inexpensive precursors, simple fabrication methods, and remarkably high power conversion efficiency (PCE) values. [1] [2] [3] Typical PSC configuration is composed of perovskite absorbing material sandwiched between an electron transporting material (ETM) and a hole transporting material (HTM), the latter playing an important role to facilitate the transportation of holes from the perovskite to back contact. 4 Spiro-based organic semiconductor 2,2',7,7'-tetrakis-(N,N'-di-4-methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD) was selected as the benchmark HTM for PSC. 5, 6 However, the tedious multi-step synthesis of spiro-OMeTAD makes it prohibitively expensive and cost-ineffective. Typically, high-purity sublimation-grade spiro-OMeTAD is required to obtain high-performance devices. 7 The development of novel small-molecule organic semiconductors has to find a better understanding between HTM structure and PSC performance. However, new HTMs that can really replace spiro-OMeTAD in terms of high device efficiency are scarce. Care must also be taken since HTMs may show different hysteresis behavior depending on their structure. Due to charge accumulation at interfaces or dielectric polarization of the perovskite layer, 30, 31 photocurrent density-voltage (J-V)
hysteresis with respect to the scan direction can lead to overestimation of the PCE. 32, 33 Therefore, in order to make a fair evaluation of new HTMs, high efficient perovskite solar cells with good reproducibility,high stability and low cost should be employed.
Thiophenes represent an class of building blocks for organic semiconductor materials, and were widely investigated owing to their favorable optoelectronic properties and in particularly their high hole mobility presenting an attractive feature for HTM design. 34 Moreover, thiophene-iodine interaction can promote photogenerated hole transporting. 25 However, apart from a few exceptions, 25, 29 most PSCs based on thiophene HTMs show a PCE lower than 16%. [35] [36] [37] [38] [39] [40] [41] [42] Herein, we report the synthesis and characterization as well as the application in perovskite solar cells of two novel thiophene-based HTMs, coded Z25 and Z26. The latter is derived by introdution of two double bonds into Z25 as shown in Figure 1a . Devices, fabricated with Z26 as HTM, achieve a PCEs up to 20.1% under AM 1.5G (100 mW cm -2 ) illumination. This approaches closely the PCE of 20.6 % obtained with spiro-OMeTAD.
Moreover, the two HTMs based devices presented a better stability than that based on spiroOMeTAD under ambient air condition of 30% or 85% relative humidity without encapsulation in the dark and under continuous full sun illumination at maximum power point tracking respectively.
The space helix structur of triphenylamine group as a terminal group can effectively prevent the π accumulation in the formation of accumulation , inhibiting the occurrence of crystallization. It can also reduce the direct contact between Au electrode and the light absorption layer, and thus effectively block the hole and electron recombination. The introduction of methoxy can improve the solubility of the material. When introducing the double bonds, the angles between the thiophene core ring and the attached benzene ring are 22.27 °and 12.09 ° for Z25 and Z26, respectively. Moreover, the angles between the benzene groups of the terminal triphenylamine groups are 68.42 °and 68.62° for Z25 and Z26, respectively. It can be seen that the flatness of the Z26 molecule is better than that of Z25, thus, the conjugation effect is better which is more conducive to the transmission of holes.The Z25 was synthesized by Suzuki cross-coupling reaction and Z26 was synthesized by HornerWadsworth-Emmons reaction with cheap starting materials. The synthetic route for the HTMs is depicted in Figure 1b and experimental details are given in the supporting information. These two new thiophene derivatives were fully characterized by 1 H NMR spectroscopy, 13 C NMR spectroscopy and MALDI-TOF mass spectrum.All the analytical data are consistent with the proposed structures( Figure S1 -S6). We also roughly estimated the synthesis cost of 1 gram Z25 and Z26 and the details are shown in the supporting information.
The estimated synthesis cost of Z25 and Z26 is 31.91$/g and 31.70$/g, respectively which is much cheaper than that of spiro-OMeTAD (598 $/g). We have tested the UV-Vis absorption of the HTMs in CB solution with additives prepared freshly and after 8 days ( Figure S7 ) and tested the 1 H NMR of HTMs with additives prepared freshly and after 8 days ( Figure   S8 ).There are no change in both UV-Vis absorption spectra and 1 H NMR specture after 8 days,indicating that precursor solution is stable under an ambient condition.
The normalized UV-Vis absorption and photoluminescence (PL) spectra of Z25 ,Z26 and spiro-OMeTAD in THF solution (1.0×10 -5 mol L -1 ) and spin-coated films are shown in Figure 2(a,b) , and the corresponding data are summarized in Table 1 . As shown in Figure 2a , Z25 and Z26 show the λ abs / max around 390-460 nm,which is red-shifted compared to spiroOMeTAD. The absorption bands in the 300-320 nm region can be assigned to the n-π* transition of the triphenylamine moieties. 43 The absorption at 396 nm of Z25 in solution is attributed to the π-π* transition of conjugated systerm of triphenylamine unit and thiophene ring,while the absorption in 456 nm of Z26 in solution is attributed to the π-π* transition of a larger conjugated system formed by bridging the triphenylamine unit with the central dimethoxythiophene group via an ethylenic bond. 44 Due to the larger degree of conjugation produced by introducting two double bonds, 45 the λ abs / max of Z26 shows a red shift compared with regards to Z25. The spin-coating thin film absorption spectra are slightly broadened and red-shifted in comparison to that of solution state due to slightly strong intermolecular π-π stacking in the film. 46 The PL spectra of the thin films display a similar pattern as those of the solutions for the two HTMs, indicating absence of significant aggregation or crystallization in the solid films. 47 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements show that these two HTMs have high decomposition temperatures (T d , 402 ºC and 377 ºC for Z25 and Z26, respectively) and glass transition temperatures (T g , 77 ºC and 98 ºC for Z25 and Z26, respectively) (Figure 2c) ,which are comparable with that of spiroOMeTAD 48 . The hole transporting properties of pristine HTMs were determined from holeonly devices using time-of-flight (TOF) measurements (Figure S9a-c Table S2 , Z26 has the lower calculated reorganization energy than Z25, which agrees with the result of TOF test and indicates that the introduction of double bonds can enlarge the favor the transport 49 . The conductivity of these three doped HTMs were determined by a two-contact electrical conductivity set-up. 50 J-V curves and fitting results are shown in Figure S9d . The obtained doped conductivity value of Z25 and Z26 are 9.6×10 -5 S cm -1 and 2.1×10 -4 S cm -1 , respectively, which are comparable to that of spiro-OMeTAD (3.5×10 -4 S cm -1 ).
The optimized molecular geometries, the highest occupied molecular orbital (HOMO) levels and the lowest unoccupied molecular orbital (LUMO) energy levels were determined by density functional theory (DFT) calculations and shown in Figure 2d . The LUMO of these three HTMs distribute mainly on central core part while the HOMO energy levels distribute mainly on the entire molecular skeleton. The calculated HOMO levels of three HTMs are estimated to be -4.30 eV,-4.17 eV and -4.15 eV for Z25, Z26 and spiro-OMeTAD, while the LUMO levels are estimated to be -1.00 eV,-1.58 eV and -0.53 eV for Z25, Z26 and spiroOMeTAD, respectively. We performed cyclic voltammetry (CV) measurement to determine their energy levels experimentally shown in Figure 3a . The data are summarized in Table 1 .
The HOMO energy levels of Z25 and Z26 are -5.18 eV and -5.16 eV , respectively, which are slightly lower than that of spiro-OMeTAD (-5.11 eV). The LUMO levels of HTMs are calculated to be -2.44 eV,-2.77 eV and -2.12 eV, which are more positive than that of mixperovskite (-3.9 eV). 24 These results agreed well with the trend derived from DFT calculations.
The steady-state PL spectra are shown in Figure 3c . Strong PL quenching was observed when the HTM materials were coated on perovskite films. For the three HTMs coated perovskite films, the PL intensity was reduced to roughly 10%, 3% and 13% of that from pristine films for Z25, Z26 and spiro-OMeTAD respectively, suggesting that Z26 can extract charge carrier more efficiently than the other two HTMs. The stability of PSCs is a key factor that plays a major role in their commercialization potential. Figure 6 shows the stability tests of corresponding perovskite solar cells in ambient environment of 30% relatively humidity without encapsulation and under continuous full sun illumination at maximum power point tracking in a nitrogen atmosphere at room temperature without encapsulation, respectively. Figure S10 shows the stability tests of corresponding perovskite solar cells in ambient environment of 85% relatively humidity without encapsulation, in ambient environment of 40% relatively humidity under dark without encapsulation at 65℃ and under continuous full sun illumination at maximum power point tracking in ambient environment of 40% relatively humidity with encapsulation at room temperature, respectively. Obviously, the devices based on Z26/25 present a better stability than that of spiro-OMeTAD based perovskite solar cell. As shown in Figure 6a , the PCE maintained 85.5% of the initial value in the Z26-based perovskite solar cell, whereas it decreased to 46.5% and 66.8% of the initial value in the spiro-OMeTAD based perovskite solar cell and Z25-based perovskite based solar cells after 800 h. Figure 6b indicates that there is 14% , 42% and 87% efficiency drop after 300 h under continuous full sun illumination and maximum power point tracking for Z26,Z25 and spiro-OMeTAD-based perovskite solar cell, respectively. Moreover, preliminary tests in Figure S10 shows that Z26-based device is more resistant to higher humidity and heat stress than the device based on Z25
and spiro-OMeTAD. We ascribed the improvement of stability based on Z26 mainly to the presence of less pinholes in the HTM layer (Figure S11-S12), more hydrophobic nature ( Figure S13 ) and enhanced interfacial coupling between Z26 and perovskite through the thiophene-iodine enhancing hole collection by the HTM. 25, 46, 50 As a result, the Z26-based perovskite based device showed a much stronger resistance to degradation over longer time periods than the other two corresponding HTM -based devices.
In summary, we synthesized two novel thiophene-cored HTMs (Z25 and Z26) with simple low cost process. Z26 presents a more homogeneous surface, higher hole mobility and 
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Synthesis of HTMs 4,4'-(3,4-dimethoxythiophene-2,5-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (Z25)
Compound 1 (0.577 g (1.9 mmol) ,2 (1.4 g,4.0 mmol), anhydrous potassium carbonate(1.32 g ,9.6 mmol), 4-triphenylphosphine palladium(0.088 g ,0.08 mmol),50 mL of toluene and 5 mL of water were added into a 100mL round-bottom flask under N 2 ..The reaction solution was heated to reflux for 8 h and protected from light.After that, the product was purified by chromatographed on a silica gel column (petroleum ether: ethyl acetate =20:1 as eluent) to
give yellow compound as a pure compound Z25 (0.77 g, 53.85% 
4,4'-((1E,1'E)-(3,4-dimethoxythiophene-2,5-diyl)bis(ethene-2,1-diyl))bis(N,N-bis(4-methoxyphenyl)aniline) (Z26)

Synthesis cost estimation of 1 gram HTMs
We roughly estimated the synthesis cost of 1 gram Z25 and Z26 according to the cost model that was described by Pablo et al. [1] and Osedach et al. [2] The price of raw materials are from http://www.sigmaaldrich.com/china-mainland.html .The estimated synthesis cost of Z25 and Z26 is 21.27 $/g and 21.13 $/g.Since these tables do not take into account several important parameters (e.g. energy consumption, waste treatment and labor), it was multiplied by a factor of 1.5 [3] to get a more realistic estimation of lab synthesis costs of 31.91$/g and 31.70$/g ( 21.27 x 1.5 = 31.91$/g, 21.13x 1.5 = 31.70 $/g), which is much cheaper than that of spiro-OMeTAD(598.16 $/g). For comparation ,we also caculate the cost of the more potential doped HTMs reported recently(PCE>19%). The cost of X59 [4] , DODF [5] , IDIDF [6] ,FDT [3] and V862 [7] multiplied by a factor of 1. In addition,we also caculated the cost of some dopant-free HTMs for comparation.such as Trux-OMeTAD [8] , DORDTS-DFBT [9] , DORDTS-TBDT [9] ,pBBTa-BDT2 [10] and RCP [11] . The cost of these materials multiplied by a factor of 1. The similar structure of Z25 is H101 [12] ,H111 [13] and H112 [13] .We also caculate their cost 
